Penetration depth is investigated in terms of the performance of transverse image resolution and signal level in human cortex under single-, two-, and three-photon fluorescence microscopy. Simulation results show that, in a double-layer human cortex structure consisting of gray and white matter media, the signal level is strongly affected by the existence of the white matter medium under three-photon excitation. Compared with three-photon excitation, two-photon excitation keeps a better signal level and sacrifices a slight degradation in image resolution. In a thick gray matter medium, a penetration depth of 1500 m with a near-diffraction-limited resolution is obtainable under three-photon excitation. It is also demonstrated that the numerical aperture has a slight influence on image resolution and signal level under two-and three-photon excitation because of the nonlinear nature in the excitation process.
Introduction
Cortex is one of the most important parts of brain tissue and is involved in almost all functions of a brain such as perception, motor coordination, thought, emotion, intellect, memory, and so on. Brain cortex, especially gray matter, is a basic research object when brain functions and diseases are studied.
Imaging through brain cortex tissue can be achieved by many modalities, such as magnetic resonance imaging and positron emission tomography. However, optical microscopy offers the only way to achieve micrometer spatial resolution. In particular, fluorescence microscopy provides an effective way to investigate biological microstructures, to monitor biological activities, and to diagnose human disease. 1, 2 However, strong scattering by biological tissue in optical microscopy degrades image resolution and signal strength at a deep depth. In other words, scattering of light limits the imaging penetration depth of light. The emergence of multiphoton microscopy provides a tool to reduce scattering, enhances resolution, and thus leads to a deep penetration depth. [3] [4] [5] [6] [7] [8] First, use of near-infrared light in multiphoton excitation reduces multiple scattering. Second, the simultaneous absorption of two or three photons results in a quadratic or cubic dependence of the fluorescence on the excitation intensity, which inherently provides a three-dimensional imaging ability and minimizes the photobleaching and photodamage outside of the focal region. 9 Because of the advantages offered by multiphoton microscopy, a variety of experiments in rat brain, which aim at investigating neuron activities in vivo, have been undertaken with two-photon excitation 10 -13 , and the physical parameters that may influence the imaging penetration depth have been explored. 14 Brain cortex has a double-layer structure that is composed of gray and white matter, with gray matter lying on top. Gray matter contains neurons and provides the actual processing capacity, whereas white matter provides communications between different gray matter areas and between gray matter and the rest of the tissue. Recently, scattering parameters in human brain cortex have been thoroughly investigated. 15 Therefore it is possible and meaningful to investigate the penetration depth through human brain cortex under multiphoton microscopy, which is important for the study of human brain disease in biopsy and autopsy. 16 The method presented in this paper is also applicable to the investigation of animal brain.
In this paper we present a detailed investigation into the penetration depth through brain cortex tissue in multiphoton fluorescence microscopy according to the double-layer Monte Carlo model developed recently. 17 The dependence of image resolution and signal level on the focal depth in a double-layer human cortex structure is revealed in Section 2. In Section 3, the effect of the numerical aperture of an imaging objective on these two parameters is investigated. The effect of the gray matter thickness on image resolution and signal level is studied in Section 4, and our conclusion is given in Section 5.
Transverse Resolution and Signal Level in a Double-Layer Human Cortex Structure under Single-, Two-, and Three-Photon Excitation
In this paper we use the concept of the effective pointspread function ͑EPSF͒ 18 to investigate transverse resolution ͑⌫͒ and signal level ͑͒ along the focal depth under multiphoton fluorescence microscopy. 19 An EPSF through a turbid medium under a microscope can be defined by the distribution of photons in the focal region, which can propagate through a turbid medium, the aperture of a detection objective, and other optical apertures. 18 Two steps are involved to derive an EPSF at a given focal plane in microscopic fluorescence imaging. First, an excited photon distribution I ex ͑r͒ ͑where r is the radial distance from the focus͒ is calculated with the Monte Carlo simulation, and the fluorescence photon distribution p n ͑r͒ is produced according to the weighting functions under one-photon ͑1p͒, twophoton ͑2p͒ and three-photon ͑3p͒ excitation, respectively 17 :
where n ϭ 1, 2, and 3 corresponding to 1p, 2p, and 3p excitation, respectively, and ␣ n ϭ 1 in this simulation. In the second step of the Monte Carlo simulation, fluorescence photons excited by Eq. ͑1͒ are monitored, and those fluorescence photons at r and reaching the detector lead to a photon distribution h n ͑r͒, which is called the EPSF. 18, 19 The image intensity of a thin object with a fluorescence strength function O͑x, y͒ can thus be given by a convolution relation:
However, the convolution relation does not hold in the axial direction because the EPSF does not have any axial space invariance because of the scattering process. 18 We can model only the in-focus imaging process using Eq. ͑2͒ and characterize the transverse resolution. Therefore transverse resolution ⌫ in this paper is characterized by the distance between the 90% and 10% intensity points of the image of a thin sharp fluorescent edge scanned in the x direction. 19, 20 Another parameter used in this paper to characterize the multiple-scattering process is signal level. The signal level is defined as the number of fluorescence photons collected by the detector and normalized by the number of the fluorescence photons when no scattering exists ͑the thickness of the turbid medium is zero͒. 19 The normalization process eliminates the difference of the strength of the excitation process and thus allows an easy comparison of the relative decay rate of the fluorescence strength along the penetration depth. According to the definition of the signal level, the signal level in this paper represents the total contribution of fluorescence photons collected by the detector, which contain the fluorescence photons excited by ballistic photons, snake photons, and scattered photons as well. Although this definition of the signal level does not provide the direct information of resolution degradation, it is important to determine the resolution of the reconstructed image in image processing through turbid media. 21 The reason for this feature is that scattered photons also carry object information but in a complicated way. However, the convolution relation shown in Eq. ͑2͒ indicates that the object information can be extracted when we perform a deconvolution operation 21 ; the more the object information is extracted, the higher the image resolution. As indicated in our previous paper, 21 achieving a stable deconvolution operation needs an input image with strong strength; otherwise the noise signal from sources other than a turbid sample can lead to pronounced artifacts in a deconvolved image.
A double-layer Monte Carlo simulation model adopted in this simulation is the same as that described elsewhere. 17 The Fresnel formulas are used to determine the internal reflection or transmittance of the photons on the boundaries and the interface. Illumination at 10 7 photons are used to ensure the accuracy of simulation results under 1p, 2p, and 3p excitation, and the radial sampling resolution dr in the focus plane is 2 m. The detector size in this paper is chosen to be large enough ͑infinite͒ to collect all the fluorescence photons incident on the objective lens and covered by the collection lens. The lenses for excitation and collection are identical.
According to a recent magnetic resonance imaging study, 22 the thickness of the gray matter layer is between 1000 and 4500 m, and its average thickness is approximately 2500 m. In this section, the thickness of the gray and white matter layers is assumed to be 1000 m for a thorough investigation of the effect of the boundary between gray and white matter on image performance. This human cortex structure is named cortex1. The excitation wavelength for 1p, 2p, and 3p excitation is assumed to be 400, 800, and 1200 nm, respectively, and the fluorescence wavelength is assumed to be 400 nm in all three cases. The optical parameters of gray and white matter in human cortex 15 that are adopted in this simulation are summarized in Table 1 . It should be pointed out that the assumed fluorescence wavelength does not affect the conclusion of the investigation as the scattering parameters do not vary appreciably in the region near this wavelength. 15 The 1p, 2p, and 3p fluorescence EPSFs at the focal depths of 800, 1000, and 1200 m in cortex1 are shown in Fig. 1 for an objective numerical aperture of 0.25. The focal depth f d is defined to be the distance between the surface of the gray matter layer to the focal plane. It is clear that the focal depths of 800, 1000, and 1200 m mean that the focus is within the gray matter layer, at the boundary, and within the white matter layer. It can be seen that, in all three cases, the EPSF under 1p excitation is the broadest, and its difference from those under 2p and 3p excitation is significant, especially within the gray matter layer ͓Fig. 1͑a͔͒ and on the boundary ͓Fig. 1͑b͔͒. The EPSFs under 2p and 3p excitation within the gray matter layer ͓Fig. 1͑a͔͒ are sharp and narrow, and the difference between them is almost undistinguishable ͓see the inset of Fig. 1͑a͔͒ . At the boundary, the difference of the EPSF between 2p and 3p excitation becomes slightly large ͓see the inset of Fig. 1͑b͔͒ , showing the narrower EPSF under 3p excitation. When the focus moves into the white matter layer, the EPSF under 1p, 2p, and 3p excitation dramatically becomes broad ͓Fig. 1͑c͔͒. The reason for this feature is that the white matter layer has a shorter scattering mean-free-path length ͑l͒ compared with that in the gray matter layer, which results in a stronger scattering effect and accordingly a dominant contribution of scattered photons in image formation. Image resolution ⌫ and signal level under 1p, 2p, and 3p excitation along the entire cortex1 thickness are shown in Figs. 2͑a͒ and 2͑b͒, respectively. From Fig. 2 we can see that, only within a shallow depth in gray matter ͑f d Ͻ 250 m͒, image resolution under 1p excitation is better than 100 m ͓Fig. 2͑a͔͒. Image resolution under 2p and 3p excitation keeps the neardiffraction-limited value in the gray matter layer. The diffraction-limited resolution under 3p excitation can be maintained almost up to the depth of 1000 m ͑the whole range of the gray matter layer͒. How- ever, under 2p excitation, the diffraction-limited resolution can be maintained only within a depth of 750 m. This feature can be explained by the comparison of the scattering mean-free-path lengths shown in Table 1 ; the scattering mean-free-path length under 2p and 3p excitation within the gray matter layer is much longer than that under 1p excitation. When the focus moves from the gray matter layer into the white matter layer, the resolution becomes degraded rapidly under 2p and 3p excitation because of the significant reduction of the scattering mean-free-path length from the gray matter layer to the white matter layer. The 3p excitation results in the best image resolution in the white matter layer, showing that ⌫ in 3p excitation is approximately 1.5 times better than that under 2p excitation.
For signal level in coretx1 ͓Fig. 2͑b͔͒, we can see that the decrease in signal level under 1p excitation is the slowest compared with 2p and 3p excitation at a given penetration depth. The signal level under 2p and 3p excitation has almost the same value until the depth of 1000 m ͑on the boundary͒, which means that, within the whole gray matter region, 2p and 3p excitation makes no difference in terms of signal level. However, when the focal depth enters the white matter layer, the signal level under 3p excitation drops more quickly than that under 2p excitation. This property indicates that the larger reduction of the scattering mean-free-path length in the white matter layer under 3p excitation has a more significant impact on the signal level than that under 2p excitation.
Effect of the Objective Numerical Aperture on Transverse Resolution and Signal Level in Double-Layer Human Cortex
It should be pointed out that an image is formed in two steps in an image system. The first step is excitation and the second is collection. It should be also pointed out that both ballistic and scattered photons in the excitation process can result in fluorescence emission. 20 Only ballistic photons are confined to the focal region, and multiphoton excitation can help the confinement of ballistic photons, whereas scattered photons in the excitation process are distributed away from the focal region. In the collection process, these two types of photon behave differently. The contribution of scattered excitation photons is reduced under multiphoton excitation because of the nonlinear dependence of fluorescence emission. Both processes are affected by the value of the numerical aperture. 19 In this section, the effect of the objective numerical aperture on image formation under 1p, 2p, and 3p excitation in the double-layer human cortex medium ͑cortex1͒ is investigated.
Figures 3͑a͒ and 3͑b͒ show the image resolution ⌫ and the signal level in cortex1 under 1p excitation for numerical apertures of 0.25 and 0.75. We can see that ⌫ is distinctly poorer as a higher numerical aperture objective is used. Under 1p excitation, Beer's law indicates that scattered photons are dominant in image formation when the focal depth of the turbid medium is larger than a few scattering meanfree-path lengths. Even when there is only one scattering event, i.e., f d ϭ l, approximately 64% of the incident photons are scattered. 17 Therefore, according to Table 1 , the contribution of scattered photons is dominant in the excitation and collection processes in the case of cortex1 when the focal depth is longer than 100 m. Compared with the lower numerical aperture objective, the higher numerical aperture objective has a larger angle of convergence, and thus more scattered photons that deviate from the ballistic path can be collected by the objective. These scattering components do not satisfy the diffraction theory and make a significant contribution to image formation, 20 leading to the degradation of the image resolution. However, the larger the numerical aperture of an objective, the slower the dropping speed in the signal level ͓Fig. 3͑b͔͒. Image resolution ⌫ and signal level in cortex1 under 2p excitation for different values of the objective numerical aperture are shown in Figs. 4͑a͒ and 4͑b͒, respectively. Unlike 1p excitation, the objective numerical aperture under 2p excitation produces a less pronounced influence on image resolution and signal level. Because of the quadratic dependence of the fluorescence on the excitation intensity under 2p excitation, the contribution from the scattered photons to image formation is inherently weakened compared with that under 1p excitation. Therefore the utilization of a high numerical aperture objective under 2p excitation has a less pronounced influence on image performance.
Figures 5͑a͒ and 5͑b͒ are the illustration of transverse resolution and signal level under 3p excitation in cortex1 for different values of the numerical aperture. Similar to 2p excitation ͑Fig. 4͒, the cubic dependence of the fluorescence on the excitation intensity reduces the function of scattered photons on image formation, and thus a change in numerical aperture does not affect image formation significantly.
Effect of the Thickness of Gray Matter on Image Resolution and Signal Level
In Section 2, the gray matter layer with the thickness of 1000 m, which corresponds to the thinnest thicknesses ranging from 1000 to 4500 m reported by a magnetic resonance imaging study, 22 was investigated. To understand the effect of the thickness of gray matter on image formation, in this section the gray matter thickness of 2500 m is selected. This sample is termed cortex2. For a comparison with the results in Section 3, image resolution and signal level only within the depth range from 0 to 2000 m of cortex2 are plotted.
Figures 6͑a͒ and 6͑b͒ give image resolution and signal level in cortex2 under 1p, 2p, and 3p excitation. The 1p excitation leads to a slower drop in the signal level compared with that under 2p and 3p excitation, although it has a worse image resolution. In the whole region of the gray matter medium, 3p excitation still has the best image resolution; the neardiffraction-limited image resolution can be maintained up to the depth of 1500 m in this situation. When the focal depth is deeper than 1500 m, ⌫ under 3p excitation is approximately two times better than that under 2p excitation. The reason for this feature can be explained as follows. Under 3p excitation, a wavelength longer than that under 2p excitation is adopted, and thus the scattering effect in the excitation process in gray matter is weaker in the former case, which can be confirmed from the l and g values given in Table 1 . Furthermore, the higherorder nonlinear dependence of fluorescence on the excitation intensity under 3p excitation reduces the influence of the scattered photons out of the focus plane, which finally results in a better transverse resolution. The signal level under 2p and 3p excitation exhibits a little difference up to the depth of 1000 m. Beyond that point, 3p excitation leads to a quicker drop in the signal level than that under 2p excitation.
Comparing the image resolution and the signal level in cortex2 ͑see Fig. 6͒ with those in cortex1 ͑see Fig. 2͒ , one can see that 3p excitation is more sensitive to the white matter medium than 2p excitation. Image resolution and signal level in cortex1 dramatically become worse when the second-layer medium is white matter ͑Fig. 2͒ rather than gray matter ͑Fig. 6͒. However, under 2p excitation, both image resolution and signal level exhibit a slight change regardless of whether the second layer is white or gray matter.
For a comparison with cortex1, the effect of the numerical aperture objective on image resolution and signal level in cortex2 under 1p, 2p, and 3p excitation is demonstrated in Figs. 7-9, respectively.
Under 1p excitation, unlike the situation in cortex1 where the image resolution with a high numerical aperture objective is much poorer than that with a low numerical aperture objective ͓Fig. 3͑a͔͒, the difference in cortex2 is slight ͓Fig. 7͑a͔͒. In cortex1 the second layer is white matter, whereas in cortex2 the second layer is the same as the first one, which is gray matter. Compared with gray matter, white matter has a shorter scattering mean-free-path length and a lower anisotropy value. Therefore the factor that results in the degradation of image resolution in cortex1 that is due to use of a high numerical aperture objective that may collect more photons strongly scattered from the white matter layer no longer exists in cortex2. This indicates that image quality under 1p excitation by a high numerical aperture objective is more easily affected by the medium features compared with use of a low numerical aperture objective.
Under 2p and 3p excitation in cortex2 ͑Figs. 8 and 9͒, the effect of the numerical aperture is similar to that occurring in cortex1 ͑Figs. 4 and 5͒; the numer- ical aperture has a slight influence on image formation. However, we note that in cortex2 a cross point exists in the image resolution formed by the objective with the numerical apertures of 0.25 and 0.75 under 2p excitation. This feature is caused by the competitive contributions from ballistic and scattered photons, as explained elsewhere. 19 Because of the joint contribution from ballistic and scattered photons, an optimized value of numerical aperture may occur for given scattering parameters of a turbid medium.
Discussion and Conclusion
In this paper, 1p, 2p, and 3p fluorescence image resolution and signal level have been investigated as a function of the focal depth in human cortex, which consists of a gray matter layer and a white matter layer. The effect of the gray matter thickness on image formation has also been explored. Furthermore, the function of the numerical aperture of an objective has been correspondingly discussed.
In the first sample ͑cortex1͒, although 3p excitation has better image resolution than that under 2p excitation, the signal level drops dramatically within the white matter layer. The 2p excitation can maintain a relatively high signal level, but it sacrifices a slight degradation in image resolution. It should be pointed out that both ballistic and scattered photons result in fluorescence. When the contribution of ballistic photons is dominant, the fluorescence decay is exponential. 20, 23 But this relation does not hold when scattered photons are dominant. 20, 24 The diffraction-limited resolution can be kept up to the penetration depth of 700 m under 2p excitation within the gray matter layer, which is qualitatively comparable to the experimental penetration depth of 600 m, although it may be limited by the available power in the rat brain. 25 Imaging in the thick gray matter medium ͑cortex2͒ has shown 3p excitation to be a better choice. The penetration depth of 3p excitation with the diffraction-limited resolution can reach 1500 m, and the dropping of the signal level is not as strong as that occurring in the white matter medium of cortex1. The 2p excitation has a better signal level but its penetration depth is limited because the image resolution is approximately 2.5 times worse than that under 3p excitation. Neurons in gray matter usually have diameters ranging from 4 to 100 m. Therefore 3p excitation can be used to image neurons up to a depth of 1000 m with almost the same signal level as that under 2p excitation if there is no power limit. A comparison of the results between cortex1 and cortex2 shows that the boundary between gray and white matter may lead to a further degradation of resolution because the scattered photons reflected by the boundary contribute to the image formation process.
For the effect of the objective numerical aperture, use of the lower numerical aperture objective is better for image resolution when scattered photons are dominant. However, the influence of the numerical aperture objective is not significant and can be neglected, especially under 2p and 3p excitation cases. Under 1p excitation, the image resolution is strongly affected by use of a high numerical aperture objective in a medium with a small scattering meanfree-path length and a small anisotropy value.
